radical attack, has been observed after treatment of isolated 1 To whom correspondence should be addressed calf thymus DNA with nickel(II) and H 2 O 2 (6) and of isolated Compounds of nickel(II) and cadmium(II) are carcinogenic human chromatin with nickel(II) in the absence or presence to humans and to experimental animals. One frequently of H 2 O 2 (7). The formation of 7,8-dihydro-8-oxoguanine discussed mechanism involved in tumor formation is an (8-hydroxyguanine*) was further enhanced when nickel(II) increase in reactive oxygen species by both metals with the was complexed to heterochromatic proteins (8). An increase subsequent generation of oxidative DNA damage. In the in oxidative DNA damage by nickel(II) has also been detected present study we used human HeLa cells to investigate the in experimental animals. An elevated level of 8-hydroxypotential of nickel(II) and cadmium(II) to induce DNA guanine was induced in rat kidney cells after a single i.p. lesions typical for oxygen free radicals in intact cells and injection of nickel acetate (9), and the extent was considerably the effect on their repair. As indicators of oxidative DNA higher after the administration of nickel(II)-histidine (10). damage, we determined the frequencies of DNA strand Nevertheless, data supporting the induction of oxidative DNA breaks and of lesions recognized by the bacterial formdamage in mammalian cells in culture are still missing.
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amidopyrimidine-DNA glycosylase (Fpg protein), including
Like nickel(II), cadmium(II) is mostly non-mutagenic in 7,8-dihydro-8-oxoguanine (8-hydroxyguanine), a pre-mutabacterial test systems. In V79 Chinese hamster cells, it has genic DNA base modification. Nickel(II) caused a slight been demonstrated that CdCl 2 induces DNA single strand increase in DNA strand breaks at 250 µM and higher, breaks, DNA-protein crosslinks and chromosomal aberrations. while the frequency of Fpg-sensitive sites was enhanced Additionally, it enhances the number of mutations at the only at the cytotoxic concentration of 750 µM. The repair thymidine kinase (tk) locus in mouse lymphoma L51784/TK ϩ/-of oxidative DNA lesions induced by visible light was cells and at the hprt locus in V79 cells (for reviews see 11, 12) . reduced at 50 µM and at 100 µM nickel(II) for FpgDespite the fact that cadmium(II) is unable to catalyze Fentonsensitive sites and DNA strand breaks, respectively; the type reactions directly, it has been shown to enhance lipid removal of both types of lesions was blocked nearly comperoxidation in cultured mammalian cells and in animal studies. pletely at 250 µM nickel(II). In the case of cadmium(II), Furthermore, protective effects of various radical scavengers DNA strand breaks occurred at 10 µM and no Fpg-sensitive and antioxidants point towards the involvement of reactive sites were detected. However, the repair of Fpg-sensitive oxygen species in the generation of different types of cellular DNA lesions induced by visible light was reduced at 0.5 µM damage including DNA strand breaks and chromosomal aberracadmium(II) and higher, while the closure of DNA strand tions. Even though the underlying mechanisms are not fully breaks was not affected. Since oxidative DNA damage understood, one possible reason is the interference with cellular is continuously induced during aerobic metabolism, an defense systems against reactive oxygen species (for recent impaired repair of these lesions might well explain the reviews see 5, 13, 14) . Nevertheless, the induction of DNA base carcinogenic action of nickel(II) and cadmium(II).
modifications typical for reactive oxygen species has not been demonstrated in mammalian cells in culture.
Besides the induction of cellular damage via reactive oxygen Introduction species, another line of evidence supports the interference with Compounds of nickel and cadmium are well known carcinogens DNA repair processes as a potential mechanism in nickel-and to humans and to experimental animals (1,2). Due to the cadmium-induced genotoxicity and carcinogenicity (for review widespread occurrence of nickel and cadmium compounds at see 15) . In support of this theory, nickel(II) has been shown workplaces and in the environment, much effort has been to enhance the UV-induced mutation frequency and to inhibit made to elucidate the molecular basis for their carcinogenic the removal of UV-induced DNA damage by interfering with potentials, but so far no mechanism has been unequivocally the incision and ligation step of the nucleotide excision repair established for either metal. Nickel(II) is mostly non-mutagenic process (16) (17) (18) (19) . Similarly, cadmium(II) increased the number in bacterial test systems and only weakly mutagenic in mammaof UV-induced mutations (20) and inhibited the repair of UV-, lian cell lines; however, it induces DNA strand breaks as well benz[a]pyrene-and methyl methanesulfonate-induced DNA as DNA-protein cross-links and chromosomal aberrations in damage (21-23). mainly heterochromatic regions (1) . One aspect frequently
In the present study we investigated the potentials of nickel(II) and cadmium(II) to (i) induce oxidative DNA damage comparatively high concentrations of nickel(II) and cad-
The fraction of double-stranded DNA was calculated as described before (26).
mium(II), the repair of the respective DNA lesions is impaired
In order to quantitate the lesion frequencies, the fraction of double-stranded at much lower concentrations and might therefore give rise to DNA was correlated with the amount of DNA strand breaks by calibration with X-rays (24).
an elevated level of oxidative DNA damage in vivo.
Irradiation with visible light
Irradiation with visible light was carried out essentially as described by Pflaum
Materials and methods
et al. (27) . The cells were illuminated as monolayers in cell culture dishes Materials covered with phosphate buffered saline (140 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 , 1 mM CaCl 2 , 0.5 mM MgCl 2 and 0.1% glucose) Minimal essential medium (MEM), fetal calf serum, as well as the trypsin on ice, by applying a 1000 W halogen lamp (Philips; 400 -800 nm) for and penicillin-streptomycin solutions are products of Gibco, Karlsruhe.
20 min at a distance of 33 cm, which corresponded to 450 kJ/m 2 . To avoid Bisbenzimidtrihydrochloride (Hoechst 33258) was obtained from Sigma overheating, the dishes were gently shaken during the entire procedure. (Munich). Triton X-100 was bought from Pierce, Oud-Beijerland, Netherlands, and sodium dodecylsulfate (SDS) as well as hydroxyapatite from Calbiochem (Bad Soden, Germany). All other chemicals, including NiCl 2 ϫ 6 H 2 O and
Results
CdCl 2 ϫ H 2 O, were of p.a. grade and were from Merck, Darmstadt. The culture dishes were supplied by Nunc (Wiesbaden, Germany).
Incubation conditions and cytotoxicity

Cell culture
One important prerequisite to elucidate the effect of nickel(II) HeLa cells were grown as monolayers in minimal essential medium (MEM), on the extent of oxidative DNA damage is the intracellular which contained 5% fetal bovine serum, 100 units penicillin/ml and 100 µg bioavailability of nickel ions. Since the uptake of soluble streptomycin/ml. The cultures were incubated at 37°C with 5% CO 2 in air nickel(II) is comparatively slow and reaches a maximum after and 100% humidification.
16-24 h of incubation with NiCl 2 (19), the cells were incubated
Cytotoxicity for at least 18 h in the subsequent experiments to insure Logarithmically growing HeLa cells were incubated with NiCl 2 or CdCl 2 for sufficient uptake. The cytotoxicity of NiCl 2 after 24 h of 24 h or 5 h, respectively. Thereafter, they were trypsinized and 300 cells/dish incubation is shown in Table I . The colony forming ability is were seeded for colony forming ability. After 9 days of incubation, colonies were fixed with ethanol, stained with Giemsa (25% in ethanol), counted and reduced at concentrations higher than 600 µM, leaving~20% calculated as a percentage of the control. Untreated controls exhibited a colony of the cells viable after 24 h of incubation with 1 mM NiCl 2 .
forming ability of 75%.
In contrast to nickel(II), cadmium(II) is taken up very
DNA strand breaks and Fpg-sensitive sites
efficiently by mammalian cells in culture. As determined DNA strand breaks and Fpg-sensitive sites were determined as described by atomic absorption spectrometry, an~10-fold intracellular elsewhere (24). Briefly, 2ϫ10 5 HeLa cells were seeded and allowed to attach accumulation of cadmium, as compared with the extracellular for at least 5 h before treatment with the test chemicals. At the end of concentration, is reached after 2 h of incubation with a further treatment, the culture medium was removed and a lysis buffer was added containing 0.006 M Na 2 HPO 4 , 0.001 M KH 2 PO 4 , 0.137 M NaCl, 0.003 M linear increase up to 5 h (data not shown). Therefore, the direct KCl and 0.1% Triton X-100. After 5 min on ice, the solution was removed DNA damage has been determined after 5 h of incubation, and by aspiration and the cells were treated with a high salt solution containing pre-incubation periods of 2 h were applied in the repair studies. For the detection of DNA strand breaks, the Fpg protein was omitted. At the thereafter, it drops to 23.9% at 50 µM and to 2.1% at 75 µM. As an indicator of oxidative DNA damage, the frequencies of performed as described previously (26). Briefly, the solution was neutralized DNA strand breaks and Fpg-sensitive sites were quantified as with HCl, sonicated and SDS was added to a final concentration of 0.05%. Separation of single-and double-stranded DNA was performed on 1 ml described previously (24). DNA strand breaks were induced in a dose-dependent manner
The DNA content of both fractions was determined by adding Hoechst 33258 (final concentration of 7.5ϫ10 -7 M) to 1 ml of each sample and at concentrations of 250 µM and higher ( Figure 1A) . However, the spontaneously occurring frequency of Fpg-sensitive sites is not significantly enhanced at non-cytotoxic concentrations of up to 500 µM nickel(II); about 1.1 Fpg-sensitive DNA lesions per 10 6 base pairs are detected at 750 µM ( Figure 1B ). The induction of DNA damage by cadmium(II) was determined after 5 h of incubation. As shown in Figure 2 , a considerable amount of DNA strand breaks were generated at 10 and 50 µM; in contrast, no increase in Fpg-sensitive sites was observed at concentrations between 1 and 100 µM cadmium(II) (data not shown).
Effect of nickel(II) and cadmium(II) on the repair of oxidative DNA damage
To elucidate the effect of the metal compounds on the repair of oxidative DNA lesions, HeLa cells were irradiated with visible light. This treatment yields predominantly Fpg-sensitive sites and to a lesser extent DNA strand breaks, presumably due to the reaction of singlet oxygen or excited intracellular photosensitizer molecules with DNA (27). Most probably, the Fpg-sensitive DNA modifications are mainly 8-hydroxyguanine, the prevailing DNA lesion induced by both types of reactive species (25,28).
To induce the DNA damage, HeLa cells were illuminated as monolayers in cell culture dishes with 450 kJ/m 2 visible light, yielding about 1.7 Fpg-sensitive sites per 10 6 base pairs and 0.8 DNA strand breaks per 10 6 base pairs. To investigate the repair of the respective DNA lesions, the cells were postincubated for different times and the remaining DNA damage was quantified. The repair kinetics of Fpg-sensitive sites and of DNA strand breaks induced by visible light in the absence level was detected, indicating complete repair within this time period (data not shown). The DNA strand breaks were closed faster and their repair was almost completed within 2 h after however, at concentrations of 100 µM and higher, the inhibition was quite similar when compared to the Fpg-sensitive DNA irradiation.
To elucidate the effect of nickel(II) on the repair of oxidative lesions, yielding an almost complete impairment of repair at 250 µM. DNA damage, the cells were pre-incubated with NiCl 2 for 18 h, irradiated with visible light as described before and postTo investigate the effect of cadmium(II) on the removal of both types of lesions, HeLa cells were pre-incubated with incubated with NiCl 2 for 4 h. While nickel(II) had no effect on the initial extent of DNA damage, the repair of both types CdCl 2 for 2 h, irradiated with visible light as described before and post-incubated with CdCl 2 for 4 h ( Figure 5 ). In contrast of DNA lesions was affected in a dose-dependent manner in the presence of the metal (Figure 4) . The removal of Fpgto the results obtained with nickel(II), no significant repair inhibition occurred with respect to DNA strand breaks at sensitive sites was reduced to~68% at 50 µM NiCl 2 and blocked completely at 250 µM NiCl 2 . The closure of DNA concentrations of up to 50 µM cadmium(II). However, the removal of Fpg-sensitive sites was inhibited in a dose-dependsingle strand breaks was not affected at 50 µM nickel(II); ent manner at concentrations as low as 0.5 µM cadmium(II); breaks and oxidative DNA base modifications induced by a complete block of the repair reaction was observed at 5 µM.
visible light. Oxidative DNA base modifications were quantified by the alkaline unwinding technique in combination with Discussion the purified Fpg protein derived from E.coli. The spectrum of DNA lesions detected by this approach corresponds to the The results presented in this study demonstrate that nickel(II) and cadmium(II) induce oxidative DNA damage and, at much substrate specificity of this bacterial repair enzyme. By applying γ-irradiated DNA, the Fpg protein has been shown to recognize lower concentrations, interfere with the repair of DNA strand and remove ring-opened forms of guanine and adenine like 2,6-thereafter diminish rapidly (37), enhanced levels of 8-hydroxyguanine and other oxidatively modified DNA bases in renal diamino-4-hydroxy-5-formamido-pyrimidine (FapyGua) and 4,6-diamino-5-formamidopyrimidine (FapyAde) as well as and hepatic chromatin were detected only 48 h after the same route of exposure (38) . Since oxidative DNA lesions are small amounts of 8-hydroxyadenine. The biologically most relevant lesion recognized by the Fpg protein, however, is continuously generated as a consequence of the cellular oxygen metabolism, their increase in vivo after exposure to nickel(II) 8-hydroxyguanine, which is induced very efficiently by ionizing radiation and singlet oxygen (25) and which is considered could be in part due to an impaired repair of the respective endogenously induced DNA modifications. to be an important physiological substrate of this enzyme (29) . If not repaired, this lesion has miscoding and mutagenic
The repair of oxidative DNA base modifications induced by visible light is inhibited by very low concentrations of properties, and is suspected to play a predominant role in carcinogenesis (30).
cadmium(II) as well. The repair capacity of the cells towards Fpg-sensitive DNA lesions is reduced to 75% at 0.5 µM While the induction of DNA strand breaks by nickel(II) has been described previously (31), the generation of oxidative cadmium(II), which is 50-fold below the concentration above which the colony forming ability starts to decline: the repair DNA base modifications in intact cells in culture is demonstrated for the first time in this study. However, the effect is is abolished completely at 5 µM. In contrast to nickel(II), no inhibitory effect of up to 50 µM cadmium(II) was observed restricted to the cytotoxic concentration of 750 µM nickel(II), where the colony forming ability is reduced to Ͻ50%. In with respect to the closure of DNA strand breaks. This is in agreement with observations made previously (17) , where the principle, this observation confirms results described from experiments with isolated chromatin, where nickel(II) in the ligation of DNA strand breaks after ionizing radiation was not affected by cadmium(II) and may be due to differences in the presence of H 2 O 2 generated a broad spectrum of DNA base modifications typical for • OH radical attack on the DNA; this processing of both types of lesions by cellular repair enzymes. The underlying mechanisms of repair inhibition by nickel(II) effect required also comparatively high concentrations of nickel(II) (100 µM) and long incubation times (24 h) (7). The and cadmium(II) are still unclear. Concerning the removal of 8-hydroxyguanine from DNA, the main repair pathway is the inefficiency of nickel(II) to induce appreciable amounts of Fpg-sensitive DNA lesions in intact cells might be due to the base excision repair system, where the first steps consist in the recognition and excision of the modified DNA base by a fact that • OH radicals are very short-lived and react at the site of their generation. This would require high concentrations of specific DNA glycosylase and the incision at abasic sites by an AP-endonuclease. In E.coli, these events are all mediated nickel(II) in close proximity or bound to the DNA. Since nickel ions have a higher affinity to certain amino acids as by the Fpg protein described above. In mammalian cells, some repair activities against DNA containing 8-hydroxyguanine compared with DNA (32), this might explain its ability to damage DNA-associated proteins via oxidative mechanisms have been discovered recently, including a DNA glycosylase and, as separate enzymes, endonucleases specific for (33) , while the potential to induce oxidative DNA base modifications in intact cells is rather low.
8-hydroxyguanine (39,40). However, the biochemical properties of these enzymes are less well characterized and their The generation of DNA strand breaks by cadmium(II) is in agreement with data presented by Ochi and Ohsawa (34) and respective contributions to the repair of 8-hydroxyguanine remain unclear. Our data indicate that the first steps of the Snyder (35) and others (2) . However, no oxidative DNA base modifications were detected in the present study. Even though base excision repair pathway are affected by nickel(II) and cadmium(II) because the remaining DNA lesions after the cadmium has been shown repeatedly to induce lipid peroxidation (5) and isolated lipid peroxidation products have been repair incubation are still substrate for the Fpg protein. Since the Fpg protein recognizes the unexcised damaged DNA bases shown to induce 8-hydroxyguanine (36), this effect might be too weak to lead to appreciable amounts of DNA base by its glycosylase activity as well as abasic sites by its AP endonuclease activity, nickel(II) and cadmium(II) disrupt either modifications in intact cells.
In addition to the induction of DNA damage, both nickel(II) the recognition of the damage by the respective glycosylase, the incision in the DNA backbone by the AP endonuclease and/ and cadmium(II) efficiently inhibit the repair of oxidative DNA damage at low, non-cytotoxic concentrations. In the or a direct acting endonuclease specific for 8-hydroxyguanine. Regarding possible mechanisms of repair inhibition, nickel(II) absence of either metal compound, the time course of the removal of Fpg-sensitive sites and of DNA strand breaks and cadmium(II) may either inactivate the enzyme(s) directly, for example by reaction with histidine or cysteine, or compete induced by visible light, closely resembles observations described previously (27). In the presence of 50 µM and with and displace essential metal ions. In the case of nickel(II), the latter possibility is supported by the observation that the 100 µM nickel(II), respectively, the repair of both types of lesions is markedly delayed and blocked completely at 250 µM inhibition of the incision step in nucleotide excision repair and the disturbance of DNA-protein interactions involved in the nickel(II). Concerning the ligation of DNA strand breaks, the results are in agreement with data presented by Snyder et al. damage recognition of the repair process by nickel(II) were partly reversible by the addition of magnesium(II) (19,23). (17) , where nickel(II) inhibited the repair of DNA strand breaks induced by ionizing radiation. As stated above, current Similarly, the endonuclease activity specific for 8-hydroxyguanine in human polymorphonuclear neutrophils as well as evidence suggests that the prevailing oxidative DNA base modification induced by visible light, is 8-hydroxyguanine various AP endonucleases depend on divalent metal ions as cofactors (41 
